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Prolactin and Acid Stress in the Teleost Oreochromis (formerly 
Sarotherodon) mossambicus
S. E. W e n d e l a a r  B o n g a ,  J. C. A. v a n  d e r  M e i j ,  a n d  G. F lik
Department o f  Zoology, University o f  Nijmegen, Toernooiveld 25, 6525 ED Nijmegen, The Netherlands
Prolactin is p robab ly  implicated in the control  o f  physiological  adap ta t ion  to sublethal  
acid s t ress  in tilapia. E x p o su re  o f  fish to w a te r  at pH 3 caused  death  within 72 hr, which 
was assoc ia ted  with p ro n o u n c ed  hemodilu t ion .  At pH 4 mortali ty  was low, al though a 
subs tant ia l  and rapid d e c re a se  in p lasma osmolali ty,  p lasma N a * ,  and p lasma total Ca was 
obse rved .  T h e se  effects were  at least part ly due to increased  permeabil i ty  o f  the gills for 
w a te r  and ions.  Af te r  a few days  at pH 4, res tora t ion  o f  p lasma osmolali ty,  N a ~ , and total 
Ca  was not iceable .  Contro l  levels were  reached  af ter  5 days  for Ca, and af ter  10 days  for 
osmolali ty,  N a  + , and branchial  osmot ic  w a te r  permeabil i ty.  Prolactin secre t ion  increased 
m arked ly  dur ing acid e x p o su re ,  as was es tabl ished by morphom etr ica l  and biochemical  
m e thods .  In tilapia, admin is t ra t ion  o f  prolact in is know n to raise p lasma osmolali ty.  N a ~ ,  
and p lasm a total Ca.  This  h o rm o n e  fu r ther  has been show n to reduce  branchial  osmotic  
w a te r  permeabil i ty .  It is conc luded  therefore  that the res tora t ion  o f  p lasma e lec t ro ly tes  and 
branchial  osm ot ic  w a te r  permeabi l i ty  during chronic  acid s t ress  are causal ly  co nn ec ted  with 
the o b se rv ed  s t imulat ion o f  prolactin secre t ion .
Many aquatic organisms are exposed to 
high acidity levels due to acid rain. In fish, 
acu te  e x p o s u r e  to w a te r  with  an ac id i ty  
lower  than  pH 4 usua l ly  leads  to d ea th  
within some hours or  days.  Although re­
spiratory problems may contr ibute to this 
high mortality, the main cause of  death is 
cons ide red  the high loss o f  ions,  mainly 
th rough  the gills (M un iz  and  L e iv e s t a d ,  
1980a; McDonald,  1983a, b; Milligan and 
Wood, 1982). Acute exposure  to water  of 
pH 4 or 5 may also be lethal for fish. H o w ­
ever, the survival time is usually longer, al­
though often with notable d is turbances of 
the ionic composit ion of  the body fluids. 
And, although a substantial  decline in fish 
p o p u la t io n s  has  b een  r e p o r t e d  for  such  
areas,  fish are still present in naturally acid­
ified water  up from pH 4 (Creasner,  1930; 
L e iv e s ta d  et aL,  1976; M un iz  and L e i ­
ves tad ,  1980a; H arvey ,  1980). For  t rou t ,  
natural  popu la t ions  are  know n  that  have 
developed tolerance to acid stress (Gjed- 
rem, 1976; McWilliams, 1982).
The physiological  m ec h an ism s  that  e n ­
able fish to live in acid water  are not well 
know n .  S ince  w a te r  and  ion b a la n c e  is
under endocrine control,  hormones are un­
doubtedly closely implicated in the process 
of adaptation to acid water. However,  re­
ports on the endocrine system during acid 
ex p o su re  are scarce .  Most  a t ten t ion  has 
been focused on cortisol (Ashcom, 1979). 
We have studied the role that prolactin may 
perform during the first weeks of  adap ta ­
tion o f  the t i lapia Oreochromis m o ssa m ­
bicus to water  of  sublethal pH. Prolactin 
was chosen because it is, with cortisol, one 
o f  the main o sm oregu la to ry  h o rm o n es  in 
f r e s h w a te r  fish. T he  ionic d i s tu rb a n c e s  
c a u s e d  by low pH are su p p o s e d  to be 
caused mainly by increased permeability of 
the  gills to ions (M cW il l iam s  and  Po t ts ,  
1978; M c D o n a ld ,  1983a, b). T h is  s u p ­
position has been corrobora ted  by the ob ­
s e rv a t io n  tha t  ac id  to l e r a n c e  in t ro u t  is 
a s s o c ia t e d  with  low N a + p e rm e ab i l i ty  
(M cW il l iam s ,  1982). T he  c o n t ro l  o f  the 
branchial permeability to water  and ions is 
one o f  the main functions of  prolactin in 
fish, and therefore its involvement in adap­
tation to acid stress is indicated. Adminis­
tration of  mammalian prolactin reduces the 
permeability o f  the gills to water  and ions
323
0016-6480/84 $1.50
Copyright © 1984 by Academic Press. Inc.
All rights of  reproduction in any form reserved
324 W E N D E L A A R  B O N G A ,  V A N  D E R  M E IJ ,  A N D  F L I K
in several species,  including tilapia (Dhar- 
mamba and Maetz,  1972; Wendelaar  Bonga 
and Van der Meij, 1981). This action of  pro­
lactin con t r ibu te s  to the m a in ten an ce  of  
plasma osmolality and plasma ion concen ­
trations.
In this paper  we report the effects of acid 
stress on prolactin cell activity and on some 
physiological parameters  controlled by pro­
lactin: plasma osmolality, N a  + , and total 
Ca, and the osmotic water  permeability of 
the gills. This report is part of  our  studies 
on the environmental  control of  prolactin 
secretion in fish.
MATERIALS AND METHODS
S ex ua l ly  m a tu re  male  O reochromis m ossam bicus  
averaging 12 cm in length and 20 g in weight were 
obta ined from labora tory  s tock.  The  fish were  kept in 
100-liter f reshw ate r  aquar ia  at 25° on a 12-hr p h o to ­
period.  and were fed th roughout  the ex p e r im en ts  with 
Tetramin tropical  fish food. The  fish were  t ransfer red  
to exper imenta l  tanks  abou t  4 days  before acidification 
o f  the water.  Direct t ransfer  to tanks  with acid w a te r  
appeared  to result in a much higher  mortali ty,  a p p a r ­
ently due to the com bina t ion  o f  handling s t ress  and 
acid stress.
The  e x p e r im e n ta l  t a n k s  c o n ta in e d  c i rcu la t ing  tap  
water  [Ca: ~ concen t ra t ion :  0.8 m M; for ionic c o m p o ­
sition see W endelaar  Bonga and Van der  Meij (1981)]. 
The concen t ra t ion  o f  n i t rogenous  w as tes  was  m on i ­
tored daily in the first w eek  o f  ex p o su re  (when the 
a m m o n i a  c o n c e n t r a t i o n  u s u a l ly  r i s e s  r a p id ly ) ,  an d  
every third day in the remaining part o f  the ex pe r i ­
mental  period,  and was kept  at a low level ( [ N H 4~ <  
0.5 mg/liter) by replacing part of  the water .  At the first 
day of  the exper imenta l  period (Day 0) the pH o f  the 
water  was reduced  to pH 5, 4, o r  3, respectively,  by 
adding H :S 0 4. A d jus tm en ts  o f  the pH was followed 
by t itrat ion with N a O H  or  H :S 0 4. The  final sulfate 
concen tra t ion  never  su rpassed  2 mM.
At the  e n d  o f  the  e x p e r i m e n t a l  p e r io d  fish w e re  
slightly anes the t ized  and blood was col lected from the 
caudal blood vessels .  P lasma osmolal i ty  and plasma 
Na~ and total Ca  levels were  de te rm ined  by a tomic  
absorp t ion  spec t ropho tom etry .
Branchial osmotic water uptake rates. Water  inflow 
rates were de te rm ined  in isolated gill a rches ,  af ter  the 
method descr ibed  by O gaw a et al. (1973), but without  
equil ibrat ion.  The  two most  rostral  pairs o f  gill a rches  
were incubated  for 30 min in wel l-aerated tap w a te r  (4 
m osm ol / l i te r ;  pH 7.4). A f te r  in cu b a t io n  and  f reeze-  
drying the dry weight o f  the gill a rches  was de te rm ined  
an d  the  w a t e r  u p t a k e  p e r  mg gill w a t e r  c a l c u l a t e d .
Water  inflow rales  were expressed  as milliliters per 
100 ml gill w a te r  per  osmole  o f  osmot ic  gradient  be­
tween  gill fluid c o m p a r tm e n ts  and incubat ion medium 
per  minute .  The  osmotic  gradient  at the start  o f  the 
incubat ion was taken as the difference be tw een  the 
p lasma osmolal i ty  o f  the fish conce rned  and the o s ­
molality o f  the incubation fluid. During incubat ion,  the 
gradient  lowered because  o f  osmot ic  wate r  up take  and 
loss o f  ions (mainly N a ~ .  K ' , and C l “ ). The  decrease  
due to osmot ic  w a te r  inflow was co r rec ted  according 
to Lock  et al. (1981). The  net ion outf lux was esti­
mated  from the difference in N a ~ ,  K ~ ,  and C l"  c o n ­
tent o f  the incubat ion fluid before and af ter  incubation.  
The  total increase o f  these ions corre la ted  well with 
the increase in osmolal i ty  o f  the incubat ion fluid, but 
could be de te rm ined  with g rea te r  accuracy.  The  ion 
concen t ra t ions  were  de te rm ined  by a tomic  absorpt ion  
s p e c t r o p h o to m e t r y .  A f te r  incuba t ion  the p e rcen tag e  
loss o f  N a + from the gills was calculated.  The  gill 
a rches  were  dissolved in co n cen t ra ted  HNO^ for 1 hr 
at 60° and.  af ter  neutra l iza t ion o f  this solution with 
am m onia ,  the ion concen t ra t ion  was de te rm ined  and 
the percen tage  o f  N a*  lost during incubation ca lcu­
lated.
Estimation o f  prolactin cell activity. For  light and 
e lec tron  m icroscopy  the pituitary glands were fixed as 
descr ibed  previously  (W endelaar  Bonga and Van der 
Meij ,  1980), d e h y d r a t e d ,  and  e m b e d d e d  in S p u r r ' s  
resin. For  light m icroscopy  l- |xm-thick sect ions  were 
s tained with toluidine blue and the vo lumes  o f  the cells 
d e t e r m i n e d  a s  d e s c r i b e d  p r e v i o u s l y  ( W e n d e l a a r  
Bonga,  1978). For  de te rmina t ion  o f  the total volume 
o f  all prolact in cells per  animal ,  the rostral pars  distalis 
(R P D :  “ p ro lac t in  l o b e " ) ,  that  c an  eas i ly  be d i s t in ­
guished under  a dissect ion m ic roscope ,  was carefully 
separa ted  from the pituitary gland. The  vo lum es  o f  the 
total pituitary gland and o f  its prolact in lobe were  cal­
cula ted  by measur ing  their  w a te r  d isp lacem ent  in a 
microcapil lary o f  known diameter ,  under  a dissection 
microscope .
To de te rm ine  the incorporat ion  rate o f  [3H]lysine.  
the prolact in lobes were  p re incuba ted  for 30 min at 22c 
in D u lbecco 's  Modified Eagle 's  M edium (M DM ),  with 
1.25 mM  CaCU and 20 m M  4-(2-hydroxyethyl)- l-pi-  
p e ra z in e e th a n e s u l fo n ic  acid  (H e p e s ;  310 mosmol/1).  
and subsequen t ly  incubated  in 100 jxl M DM for 4 hr 
a t  22° in a m e ta b o l i c  s h a k e r  (40 H z)  w i th  10 fxCi 
[3Hllysine (sp act 60 Ci/mol;  N ew  England Nuclear  
C orp . ,  Boston,  Mass.) .  L obes  and media  were  sub ­
j e c t e d  to S D S - g e l  e l e c t ro p h o re s i s  as d e s c r ib e d  by 
W e n d e l a a r  B o n g a  et al. (1983).  T h e  s lab  ge ls  w ere  
fixed and sliced,  and the slices coun ted  in a Rackbeta  
LSC liquid scintillation counter .  Parts of  the gels were 
silver stained after Morissey (1981) and scanned  with 
a Bio-Rad Model  1650 densi tometer .
Statistics. The  data  were  statistically ana lyzed  with 
S tu d e n t ' s  t test  ( two-sided;  a  =  5%).
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plasma osmolality 
m osm ol/ l
F i g . 1. P lasma osmolal i ty  af ter  t ransfer  o f  tilapia to 
f reshwater  o f  pH 3, pH 4, o r  pH 5; m eans  ±  SD; n 
= 6; at pH 3 all fish died within 72 hr.
RESULTS
1. Effect o f  Water p H  on 
Plasma Osmolality
Acute exposure  of fish to acid water  of 
pH 3 resulted in high mortality. Less  than 
15% survived longer than 48 hr, and all died 
within 72 hr. After 4 hr, when the first fish 
died,  p la sm a  o sm o la l i ty  was  a l r e a d y  r e ­
duced significantly (P <  0 .001) and the drop 
in osmolality continued until the end of the 
e x p e r im e n t  (Fig.  1). At pH  4, h o w e v e r ,  
m or ta l i ty  was  low. L e s s  th an  10% died 
during the 6 weeks of  the experimental  pe­
riod, most of  them in the third and fourth 
weeks. At pH 5, mortality was not signifi­
cantly different from that of  the controls 
(less than 5%). Around 50 fish per group 
were examined.  At both pH 4 and 5 plasma 
osmolality dropped abruptly  during the first 
24 hr (P <  0.001 and P <  0.01, respectively; 
Fig. 1). The reduction was more severe at 
pH 4. After the first day, a gradual increase 
followed in both groups. After 10 days at 
pH 5 and 30 days at pH 4 plasma osmolality 
had r e tu r n e d  to c o n t ro l  leve ls  (Fig. 1). 
Water at pH 4, which was considered to 
represent sublethal stress to the fish, was 
selected for further  experiments .
2. Plasma N a + and Plasma Total Ca 
at pH  4
Exposure  to water  of  pH 4 led to a sig­
nif icant  d ro p  (P <  0.01 a f te r  24 hr) in
F i g . 2. P lasma Na~  and total Ca  after t ransfer  of  
tilapia to f reshw ater  o f  pH 4; means  ±  SD; n =  6.
plasma Na + , that was followed by an al­
most  com ple te  recovery  in the following 
weeks.  The changes in plasma N a + ran par­
allel to those of  plasma osmolality (Fig. 2). 
Plasma Ca showed a similar pattern,  but the 
initial decrease {P <  0.01 after 24 hr) was 
followed by an increase that was more pro­
nounced than that of  plasma osmolality or 
N a  + . Plasma total Ca levels were slightly, 
although not significantly, higher than those 
of  controls already after 5 days.
3. Branchial Permeability to Water
and Ions
When freshly isolated gill arches were in­
cubated in fresh water  (pH 7.4) for the de­
te rm ina t ion  o f  the osm otic  w a te r  up take  
rates, ions were lost from the gills of  acid- 
stressed fish in a higher rate than from the 
gills of control fish. In the 30-min incuba­
tion period, 8.7 ±  0.6% of the total initial 
N a + content  of the gills was lost, whereas 
this percentage amounted to 24.8 ±  4.9 (P 
< 0.001), 16.3 ±  3.1 (P <  0.01), and 12.3 
±  2.9 for gills of fish exposed to pH 4 for 
10 hr, 10 days,  and 30 days,  respectively. 
This  d i f fe rence  implies  tha t  the  o sm o t ic  
g rad ien t  b e tw e e n  the gill fluid c o m p a r t ­
ments and the incubation fluid decreased 
more in the gills of  acid-exposed fish than 
in the gills of  the controls.  Table 1 shows 
that the osmotic water  uptake ra tes— these 
data were corrected for the differences and 
changes in the osmotic gradients during the
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Exposure
time:
Branchial osmotic water inflow rate
10 hr 10 days 30 days
Controls 
pH 4
1.32 -  0.13 
2.11 ± 0.27*
1.23 ±  0.26 
1.48 ±  0.19*”
1.28 ±  0.24 
' 1.36 ±  0.21
TABLE l Prolactin cell structure. Ultrastructural
Branchial Water Inflow Rates exam ination  of  prolactin  cells o f  fish ex­
posed for 10 days to water of  pH 4 showed 
marked changes that point to enhanced se­
cretion of prolactin (Figs. 3 -5 ) .  The extent 
of the granular endoplasmic reticulum and 
the volume of the mitochondria per cell in­
creased significantly [P <  0.05). The extent 
of the Golgi system did not increase signif­
icantly, but the percentage of Golgi areas 
showing signs of active secretion, namely
secretory granules in the process of bud- 
m e a su re m e n ts  — w ere  s ignif icantly  in- ding off  from the Golgi lamellae, almost 
creased after 10 hr of acid stress: a lter  10 doubled {P <  0.01). Signs of  granule release
Note.  Values are ml H :0  inflow/100 ml gill water/osmol/min 
of fish adapted to fresh water  (controls. pH 7.4) or acidified 
freshwater  (pH 4) for 10 hr. 10 days,  or 30 days: means ± SD 
of 10 fish per group.
* Significantly different from controls (P < 0.001).
** Significantly different from pH 4, 10 hr (P < 0.01).
days, the osmotic water uptake rate of the 
gills of acid-exposed fish was no longer sig­
nificantly different from that of  the c o n ­
trols.
4. Prolactin Cell Activity
mr
Size o f  the rostral pars clistalis. The pro­
lactin cells of tilapia, like most o ther teleost 
fish, are confined to the rostral pars distalis 
of the pituitary gland. This lobe consists al­
most exclusively  of  prolactin  cells in te r­
spersed with some nongranu la ted  stellate 
cells. The RPD also contains adrenocorti- 
co trop in  (A C T H ) cells ,  but the vo lum e 
fraction of these cells is negligible. Any 
substantial volume change of the RPD may 
be a sc r ib ed  to ch an g es  in p ro lac t in  cell 
volume. Figure 3 showed that the volume 
of the RPD, expressed as percentage of the 
pituitary gland volume, displayed a quite 
p ronounced  increase  during exposu re  of 
fish to water to pH 4, especially during the 
first 10 days {P <  0.001). The other parts 
of the pituitary gland did not change no­
ticeably in size (data not shown here).
Prolactin cell size. The growth of RPD 
was paralleled by an increase in volume of 
the prolactin cells (Fig. 3). However, the 
increase in cell volume of about 40% (P <
0.01) was less than  the inc rease  in RPD 
volume. This nearly doubled in 4 weeks. 
Therefore growth of the prolactin cells was 
apparently accompanied by cell prolifera­
tion.
by exocy tos is  were also more frequently  
observed in cells of the acid-exposed fish.
[*H]Lysine incorporation rate. Freshly 
d issec ted  prolactin  lobes that were incu­
bated in a medium with [3H]lysine showed 
up take  o f  the label and in c o rp o ra t io n  in 
prolactin. Part of this labeled and therefore 
apparently newly synthesized prolactin was 
released during the incubation period. This 
was concluded  from the au to rad iogram s 
prepared after S D S -ge l  electrophoresis of 
homogenates of the lobes as well as of the 
t r ich lo ro -ace t ic  acid (T C A )-p rec ip i ta ted  
f rac t ion  o f  the incuba t ion  m ed ium . Two 
bands, with apparent molecular weights of 
around 20,000 and 21,500, which are typical 
for tilapia prolactin (W endelaar  Bonga et 
al ., 1983), were found. In prolactin lobes of 
fish exposed for 10 days to pH 4, the total 
amount of labeled prolactin recovered from 
prolactin lobes and medium was more than 
tw ice  that  o f  c o n tro ls ,  which po in ts  to 
highly stimulated prolactin synthesis (Fig. 
6 ). The data further show that the amount 
of labeled prolactin released in the incuba­
tion medium increased for the lobes from 
the acid-stressed fish. However, these data 
do not properly reflect total release of pro­
lactin during the incubation period, since 
during incubation both labeled, newly syn­
thesized, prolactin and unlabeled prolactin 
were re leased. The latter fraction rep re ­
sents prolactin that had been synthesized 
before the start of the incubation. Densi-
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F ig . 3. Effec t  on p ro lac t in  cel ls  o f  t r a n s f e r  o f  t i lapia to f r e s h w a te r  o f  pH 4. Left: p ro lac t in  cell 
v o lu m e  a n d  size  o f  the  p ro lac t in  lobes  ( ros t ra l  p a r s  d is ta l is ,  rpd ;  e x p r e s s e d  as  p e rc e n ta g e  v o lu m e  o f  
the p i tu i ta ry  g land) .  Right: m o r p h o m e t r i c a l  d a t a  o f  p ro lac t in  cel ls  o f f i s h  e x p o s e d  for 10 d a y s  to w a te r  
o f  pH 4 (pH  4) o r  p H  7.4 (c tr ) ;  v o lu m e  p e r  cell o f  the g r a n u la r  e n d o p la s m ic  re t icu lum  (ger) ,  m i to ­
c h o n d r i a ,  a n d  Golgi  s y s t e m .  “ A c t i v e ”  Golgi  a r e a s  a re  p e r c e n t a g e s  o f  total  Golgi a r e a s  sh o w in g  
s t ruc tu ra l  s igns  o f  fo rm a t io n  o f  s e c r e t o r y  g ra n u le s ,  a n d  the  p r e s e n c e  o f  p r e s e c r e to r y  g ranu les .
lometry of silver-stained SDS gels, which sudden and severe drop in plasma osmo-
revealed labeled as well as unlabeled pro- lality. Losses of plasma electrolytes have
lactin, showed that the release of  prolactin been commonly observed in acid-stressed
by the p ro lac t in  lobes  of  fish from acid fish. It reflects disturbed osmoregulation,
water was increased by almost a factor of 
three (Fig. 7).
DISCUSSION
/. Low pH  and Plasma Electrolytes
Acute exposure to water of pH 3 proved 
to be lethal for  t i lapia .  O b s e rv a t io n s  on 
trout (Daye and Garside, 1975, 1977) and 
perch (Lyons, 1982) have also shown that 
acute exposure to pH levels below pH 4 is 
critical for fish. Field observations have re­
vealed that fish hardly occur in water with 
a pH lower than 4 (Harvey, 1980). H ow ­
ever, comparison of laboratory data with 
field observations is complicated by the cir­
cumstance that in natural waters other fac­
tors a s so c ia te d  with low pH , espec ia l ly  
high aluminum co n cen tra t io n s ,  may c o n ­
tribute significantly to the de le te r ious  ef­
fects of acid water (Fromm, 1980; Muniz
and this is considered by several authors 
the major cause of death under lethal pH 
stress  (Jozuka and Adachi,  1979; Muniz 
and Leives tad ,  1980a; L yons ,  1982; Mil­
ligan and W ood, 1982; N iem inen  et a l . t 
1982; McDonald, 1983a, b).
E x p o su re  of  t i lapia  to sub le thal  acid 
stress (pH 4 or 5) also led to a pronounced 
drop in plasma e lec tro ly tes .  H ow ever ,  it 
was less than at pH 3 and already after 5 
days  a te n d en c y  becam e  no t iceab le  that 
plasma osmolality, Na + , and total Ca levels 
increased. In the course of the following 
w eeks almost normal levels were found. 
Thus, tilapia show an adaptive response to 
acid stress. Restoration of plasma electro­
ly tes ,  as o b se rv ed  in t i lapia ,  has to our  
knowledge not been reported for other spe­
cies. This may be due to the short duration 
of most experiments (varying from one or
and Leivestad, 1980b). The high mortality more hours to several days). But in acid- 
of  t i lapia  at pH 3 was a s so c ia te d  with a stressed brown trout plasma chloride levels
F ig s . 4, 5. Prolactin cells of fish exposed for 10 days to water of pH 4 (Fig. 4) or pH 7.4 (controls, 
Fig. 5). At pH 4 prolactin cells are enlarged and show more granular endoplasmic reticulum (ger) and 
more extensive Golgi areas (Ga); 11,000 x .
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cpm x 1000
Fig. 6. [^HlLysine incorporation rates of prolactin 
lobes incubated for 4 hr in vitro. The lobes were from 
fish adapted to normal freshwater (pH 7.4; Day 0) or 
fish exposed for 5 or 10 days to water of pH 4 (three 
lobes per group). After incubation the lobes were ho­
mogenized and homogenates and incubation media 
were subjected to SDS-gel  electrophoresis. Cells and 
medium: radioactivity of the bands representing pro­
lactin (20 and 21.5 kDa) of both lobes and incubation 
media, and therefore reflecting the total amount of 
prolactin that was synthesized during incubation; me­
dium: activity of the incubation media, reflecting the 
amount of newly synthesized prolactin released during 
incubation.
emained low for at least 7 days (Muniz and 
Leivestad, 1980a). In acid-stressed brook 
rout, plasma N a + showed a fall that con­
tinued throughout the 5-day experimental 
period, although the N a + uptake, after a 
severe inhibition in the first few hours of 
acid exposure, was partially restored in the 
hours thereafter (Ashcom, 1979). In brown 
trout, recovery of N a + influx was complete 
after 10 days at pH 6 , but only 20% at pH 
4.6, and  even  a b sen t  at pH 4.0 (M c ­
Williams, 1980a, b).
2. Low p H  and Gill Permeability
O ur da ta  on the w ater  uptake  ra tes  of  
gills incubated in vitro show that the uptake 
rate per unit of osmotic gradient, and thus 
the osmotic water permeability of  the gill 
surface  (O gaw a et al., 1973; W en d e laa r  
Bonga et al., 1983), is s ignif icantly  in ­
creased in the first day of acid exposure. 
The high net efflux of ions from the gills 
observed in the same experiments indicates 
that the  pe rm eab i l i ty  to ions is a lso  in­
Fig. 7. Densi tometr ie  scanning profiles of  S D S -  
polyacrylamide gels; prolactin lobes were incubated 
for 4 hr (three lobes per group) and the media were 
analyzed electrophoretically; the products (20 and 21.5 
kDa) likely represent prolactin released during the in­
cubation period: 68K, 26K, and 12.5K indicates po­
sitions of apparent molecular weight markers. Left: 
medium of prolactin lobes of control fish. Right: me­
dium of prolactin lobes of fish exposed for 10 days to 
freshwater of pH 4.
creased substantially, although this may be 
partly due to a reduction of the active up­
take of ions. In trout, exposure to low pH 
was shown to stimulate passive ion efflux 
(Packer and Dunson, 1970; Ashcom, 1979; 
McWilliams and Potts ,  1978; M cD onald ,  
1983a). Such changes in ion permeability 
may account for most of the drop in plasma 
e le c t ro ly te s  following acid e x p o su re  
(A sh co m , 1979; M cD o n a ld ,  1983a). In 
t rou t ,  increased  urinary losses also c o n ­
tribute to the reduction of plasma electro­
lytes (McDonald, 1983a).
Our data on tilapia show that an initial 
marked increase in gill permeability is fol­
lowed by a re tu rn  to control levels after  
abou t  10 days. Probably  the recovery  of 
normal branchial permeability after 10 days 
is causally related to the concurrent resto­
ration of plasma electrolyte levels. Such a 
re la t io nsh ip  was also  found in a na tu ra l  
popula tion  of  ac id-to lerant  brow n trout.  
Acid tolerance, as reflected by reduced ion 
effluxes during acid exposure, appeared to
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be associa ted  with low branchial  p e rm e ­
ability to N a + and H + (McWilliams, 1982).
3. Low pH  and Prolactin Secretion
Exposure of tilapia to low pH leads to a 
p ronounced  increase  in prolactin  cell a c ­
tivity, as estimated by two different proce­
dures .  The  m o rp h o m e tr ic a l  r e s u l t s — in­
creases in volume of the rostral pars dis­
tal i s , p ro lac t in  cell and n u c lea r  vo lum e ,  
extent of granular endoplasmic reticulum, 
mitochondria, and Golgi a reas— all point to 
an increased capacity of the fish to secrete 
prolactin. The prolactin cells of these fish 
were the largest we ever found in our ex­
pe r im en ts  with t i lapia .  The  h igher  inc i­
dence of visible signs of granule formation 
in the Golgi areas and of exocytosis of se­
cretory granules further demonstrate  that 
synthesis and release of prolactin are con­
s iderab ly  in c re a sed  in the a c id - s t re s se d  
fish. The high rates of  synthesis of prolactin 
d isp layed  by f resh ly  d is se c te d  p i tu i ta ry  
lobes of fish from acid water further sup­
port this conclusion.
Our earlier studies on the prolactin cells 
in O. m ossam bicus  have shown that o s ­
molality and the concentrations in the am ­
bient water of divalent ions (Ca2 + and, to a 
lesser extent, Mg2 + ) are the most important 
factors that determine the rate of prolactin 
sec re t ion  in vivo  (W en d e laa r  Bonga  and 
Van derM eij ,  1980, 1981; Wendelaar Bonga 
et al., 1983). In freshwater with relatively 
low Ca2 + and Mg2 + levels, prolactin secre­
tion is high. W hen the osmolali ty  of  the 
water  is increased  by adding NaCl,  p ro ­
lactin cell activity is reduced, until a min­
imum is reached in water that is isosmotic 
with the blood (around 300 mosmol/liter). 
Under such conditions the osmotic water 
fluxes across the gill epithelium are almost 
zero and branchial passive fluxes of N a + 
and C l"  are very low. A reduction in os­
motic water fluxes and passive ion fluxes is 
also effec ted  by high c o n c e n t r a t io n s  of 
C a 2 + and ,  to a le s se r  d eg ree ,  by M g2 + . 
Since in the same concentration range these
ions specifically reduce prolactin secretion, 
we have concluded that the effects of am­
bient osm ola l i ty  and am bien t  C a 2 + and 
Mg2 + levels on the prolactin cells are me­
diated by the influence of these factors on 
the b ranch ia l  f luxes for w a te r  and ions 
(Wendelaar Bonga and Van der Meij, 1980,
1981). We have postulated that any factor 
that alters the passive fluxes of monovalent 
ions and water across the gills will also in­
fluence prolactin secretion. The pH of the 
water is such a factor; in tilapia reduction 
of the normal pH of the water increases the 
permeability of  the gills to water and ions, 
and in addition stimulates prolactin secre­
tion.
The reduction of the branchial osmotic 
water permeability to almost normal values 
that followed the initial increase may be ef­
fec ted  by p ro lac t in .  A d m in is t ra t io n  of 
ovine prolactin in tilapia (Wendelaar Bonga 
and Van der Meij, 1981) and some other fish 
species (Ogawa et al., 1973; Ogawa, 1977) 
reduces the osmotic water permeability of 
the gills, when measured with the same in 
vitro procedure used in this study. Prolactin 
administration has also been shown to re­
duce  the pass ive  N a + f luxes  in ti lapia 
(Dharmamba and Maetz, 1972). The resto­
ration of plasma osmolality and N a + that 
fo llows the initial red u c t io n  in the acid- 
stressed fish, is likely related partly to the 
reduction of the gill permeability and can 
therefore be considered an indirect effect of 
the enhanced prolactin secretion. Cortisol 
may also contribute to the restoration of 
normal plasma electrolyte levels, by stim­
ulating the active uptake of N a + . We found 
enhanced  plasma cortisol levels in acid- 
stressed tilapia (unpublished observations). 
Similar results have been reported for acid- 
stressed brook trout (Ashcom, 1979).
Prolactin may also be responsible for the 
rapid restoration of plasma calcium and the 
slight but significant hyperca lcem ia  that 
was observed in the second and third weeks 
of acid exposure. In tilapia, prolactin stim­
ulates the active uptake of calcium through
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he gills and has a hyperca lcem ic  action 
Wendelaar Bonga and Flik, 1982; Wende- 
laar Bonga et al., 1983). We have connected 
his calc ium-mobiliz ing p roper ty  of  p ro ­
lactin with its reducing effect on gill per­
meability (Wendelaar Bonga et al., 1983). 
Permeability of cellular membranes is di­
rectly related to the amount of calcium and,
o a le sse r  e x te n t ,  m ag n es iu m  bo un d  to 
n e m b ra n e  p h o sp h o l ip id s  (S choffen ie ls ,  
1967; Ebel and Günther, 1980). For brown 
trout gills, McWilliams (1983) has show n 
hat the perm eab il i ty -enhanc ing  effect of 
icid water is associated with loss of cal­
cium from  the gill su r face .  He fu r th e r  
showed that, in vitro at low pH levels, the 
surface-bound calcium is lost less rapidly 
rom the gills of an acid-tolerant strain than 
rom the gills o f  a n o n to le ra n t  s t ra in  of  
^rown trout. The tolerance to acid stress 
vvas fu r th e r  a s so c ia te d  with gill pe rm e-  
ibility to N a + and H + (McWilliams, 1982). 
Such a reduction might be effected by pro- 
actin, that could act not only by mobilizing 
;alcium but also by increasing the calcium 
binding capacity of the gill membranes.
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